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Catadioptric one-to-one lelecentric image corvibining system 



(57) A catadioptric one-to-one optical relay system 
which Is lelecentric In both object and Image space. The 
system Includes three modules, which Include a spher- 
ical primary mirror, a spherical secondary mirror with a 
zero power doublet for axial color correction, and an X- 
prism lor spectral division. The chromatic aberration 



generated by the X-prism Is compensated by the zero 
power doublet corrector. Because the system Is lelecen- 
tric in both object and image space, the coatings asso- 
ciated with the X-prism are simplified. Thie system can 
be used in telescopes, optical systems with sensor pro- 
tecttori. and color CCD assemblies. 
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D«torlptlon 

TcrHKJinAL RE ' n OF THE INVENTION 

This Invention relates lo image combining systems, 
and more particulaf ly to a system which is lelocenlric in 
both the object and image space. 

DAP i^ftROUND nP THE INVENTION 

A conventional one-to-one refractive relay lens is 
symmetric with respecl to the aperture stop located at 
(he center of the lens. The limitations associated with 
this class of optical relay system include thai the useful 
spectral band Is limited, and the image quality is limited 
by such aberrations as field curvature, axial chromatic 
aberration and oblique spherical aberration. A further 
limitation is that the conventional one-to-one refractive 
relay lens Is not telecentric ai either end. When the prin- 
cipal ray of an optical system is parallel to the optical 
axis In the image space, this optical system is telecentric 
in the image space. Similarly, the optical system .s lei- 
acentric in the object space when its principal ray is par- 
allel to the optical axis in the object space. The telecen- 
trie condition is very critical lo many optical systems with 
very stringent requirements in magnification, such as a 
photolithography system used in the semiconductor In- 
dustry A small focus error will not result in a magnilica- 
ilon change. Since Its principal ray is perpendicular lo 
the Image plane.^a telecentric optical system in the im- 
age space has -more uniform illuminaion. In many high 
quality, high brightnees projection systems, a liquidcrys- 
tal light valve image source is required lo operate in the 
telecentric space-for higher contrast ratio. 

In many 'setifi'or applications, the telocentric condi- 
tion is very crttiijflir^due to the stringent requirement of a 
unlformcOatirt^%Jciency across the field of view. Addi- 
tionallyra one^t<i^e relay capable oLa wide spectral 
bandwicfth ts^^DCtalto rnariy multiple spectral band sen- 
sor apptlckt40hl^^tbrtunately.-the conventional refrac- 
tive on0>t6^£rCI'y'i8 J'rri in- useful spectral- band- 
width F:ti^i^arfe<i#^^ We'd ibhs.ls required to relay the 
QVQiiM:^ i^^i^f^^^ refractive ^iens. aggra- 
vaiin^twf^ldiii^atO^^^^^ • t 
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overcomes these nmiialions. 
SUMMAI^Y OF THE INVENTION 

A catadioptric one-to-one optical relay eyetem Is do- 
scribed, and includes a spherical concave primaiy mir- 
ror, a convex secondary mirror, a zero power doublet for 
axial color correction, and an optical means for spectral 
division. These optical elements are arranged such that 
light from an object is first coHimated by the primary rrtr- 
ror and passes through the doublet to reflect from the 
secondary mirror, the reflected light passing through the 
doublet again and directed onto the primary mirror 
again, the primary mirror refocusing the light to form a 
relayed image, the optical division means located In 
front of the relayed image lo divide the relayed image 
into first, second and third spectral band images. 

The doublet corrects for chromatic aberration gen- 
erated by the optical division means, which may be an 
X-prIsm or separate dichroic beam splitters. 

BRIEF DESCniPT lQN OF THE DRAWING 

These and other features and advantages of the 
present invention will become nrwre apparent from tfie 
foltowtng detailed description of an exemplary embodi- 
mem thereof, as Illustrated in the accompanying draw- 
ings. In which: 

FIG. 1 Is a schematic diagram of a preferred em- 
bodiment of a relay lens In accordance with the inven- 
tion. 

FIG, 2 is an exploded side view of the secondary 
mirror assembly comprising the eyelem of F I G . 1 . 

FIG. 3 shows the X-priem of the system of FIG. 1 in 
funher detail 

FIG. 4 is a schematic illustrating two dichroic beam 
splitters which can altematively be employed instead ol 
an X-prIsm in the system of FIG. 1 . 

FIG. 6 is a schematic optical diagram of a telescope 
employing a one-to-one catadioptric relay system. 

FIG. 6 is a schematic optical diagram of a sensor 
protection system with a one-to-one catadioptric relay 
system. 

FIG . 7 is a schernalic optical diagram of a color CCD 
assembly with a one-to<xie catadioptric relay system. 

FIG. 8 is a schematic optical. diagrann of a K-prism 
cbmprteing me assembly of FIG. 7 

" DEtAIL£Q^E^CIRligTl6N QF THE PRE FERRED 

• EMBg)Q)MENT . r^;^y^- • 

■ .:■ ;A c^tadic^t?lfi'|^^^ reiay'lSna. 50 ^ irS" accord- 

^vanjE^r^wlth.^jW^-ir^ illustrat^.iin - the schematic 

di^^^if^'^^^^' i'^T^^ 
f i^leS^^^^I^Cllf0^ jan#efe;He>^ic eecond- 
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ephericaJ mirror, with an aspheric mifror, the spherical 
aberration of Ihe system can bo very well corrected. 
Therefor©, the usable numerical aperture can be larger, 
the speed of the relay system can be taster and the us- 
able field of view is larger. 

The secondary nnirror 70 le shown In the exploded 
side view of FIG. 2. and forms an aperture stop. An op- 
tical correction filler 72 is sandwiched between the mir- 
ror 70 and the zero-power doublet 76. This filter may. in 
an exempiary embodiment, be a Iransmissive liquid 
crystal device. 

The zero power doublet 76 comprises one lens wiln 
high Abbe number (such as BK7. SKI 6) and one lens 
with low Abbe number (such F2. SF 1 1 ) . While maintain- 
ing zero total optical power or a very small optical power, 
various amounts of chroma lie aberration can be gener- 
ated by varying the optical power ol each lens. For in- 
stance, the chromatic aberration ol a SK16-F2 zero 
power doublet with 1.0 and -l.O optical power for the 
SKI 6 and F2 lenses, respectively, is different from that 
of a 0.9 and -0.9 optical power ol the SK16-F2 doublet. 
The doublet 76 is used to compensate for chromatic ab- 
errations generated by the X-prism 80. 

The system includes an aperture stop located at the 
secondary mirror 70. The aperture stop is either a me- 
chanical or optical means to define the speed of the op- 
tical system: the larger the aperture, the ^nore light the 
optical system collects. The aperture stop should be at 
or near the secondary mirro( so thai the one-to-one relay 
is symmetric with respect to the secondary mirror. 

FIG. 3 shows the X-prism 80 in lurther detail. The 
X-priam 80 has two beam splitting surfaces 80A and 
80B, coated with multiple layer band pass filler coatings. 
Tho'surface 80A reflects the short wavelength band \y, 
and transmits the medium and long wavelength bands 
1 and Xj. Similarly, the surface 80B reflects the long 
wavelength band X3. and transmits the medium and 
short wavelength bands. Xj and X^. respectively So. the 
radiation impinging on the X-prism is divided Into three 
different spectral bands, and fonwafded to the corre- 
sponding detection assemblies. The wavelength range 
of the bands can be either very wide or narrow. For in- 
stance, the overall spectral band can in one exemplary 
embodiment cover the visible spectra (0.45pm-0.7Mm), 
a mkJ-range infrared (3.0Mm-5.0|.im) and long wave- 
length Infrared {B.0Mm-1 Z.Opm). On the other hand, the 
overall spectral band in another exemplary embodiment 
can be the visible spectral band including the respective 
blue, green and red bands. 

Alternatively, the X-prism can be replaced by two 
separate dtehroic beam splitters, e.g. beam splitter 
cubes 81 and 83, shown in FIG. 4. The beam splitter 61 
reflects both the. medium wavelength and the long 
wavelength Xg. and transmits Ihe short wavelength Xy 
The second beam splitter cube 83 reflects the long 
wavelength )^ aiy6 transmits the medium wavelength 

^ The radiation Ifom the object plane O (FIG. i)lsfirst 



colllmaiedby the prln^ary mirror 60. then passes through 
the doublet 76. reflects off the secondary mirror 70 (the 
last surface of the doublet), passes through the doublet 
again, and finally re-focussed by the same spherical pri- 

5 mary mirror 60 to form a relayed Image at respective 
image planes 1^ I2 and I3 (FIG. 1). 

The X-prtem 80 is located in front of the image to 
divide the relayed Image Into three spectral band imag- 
es. The chromatic aberration generated by the X-prism 

10 60 and any refractive materials associated with a detec- 
tor assembly is compensated by the zero powerdoublet 
corrector. A detector assembly such as a CCD or infra- 
red detector array can be employed with the system. 
The one-to-one catadioptric relay lens 50 of FIG. 1 

IS has several advantages; The lens is tolecentric in both 
object and Image space, simplifying the coatings asso- 
ciated with the X-prism and the detector assembly. The 
primary and secondary mirrors 60 and 70 are an spher- 
ical. Therefore, the fabricalion cost is re latively Nxpen- 

so 8ive, the tolerances are tooser. and the Image quality is 
excellent. A further advantage is that the chromatic ab- 
erration correction le very good over a much wider spec- 
tral bandwidth than is possible with conventional rslays. 
Anwng the possible applicatlone for a relay lens 50 

zs in accordance virlth Ihe invention is a telescope with a 
one-to<)ne catadioptric relay. FIG. 5 is a schsmatic di- 
agram ol an optical system lOO comprising a three mir- 
ror telescope IIO and a one-iorone catadioptric relay 
system 50. The telescope 1 10 Includes mirrors 112. 114. 

30 116. A distant object is focused by the telescope 110 in 
the intermediate image plane 118. where a reticle 120 
is typicaRy located. The reticle and intermediate image 
are further relayed by the catadioptric one-to-one relay 
system 50. As in FIG. 1 . Ihe system 50 Includes a spher- 
es ical primary mirror 60. a spherical secondary mirror 70 
with doublet 76. and an X-prism. Different spectral 
bands of the image are finally spatially separated by the 
X-prism 80 and reflected by mirrors 82 , 84 on a detector 
assembly, which includes three different detedor arrays 

40 92. 94 and 96 for three different spectral bands. For im- 
age processing applications, a filter can be placed in the 
Intermediate inoage plane for either image erihancement 
or correlation. The filter can be either in the intermediate 
image plane such as the location of the reticle in FIG. 5, 

4S or a filter 72 in the pupil plane such as the location of 
the secondary mirror of the one-to-one relay, 88 shown 
in FIG. 2. Indeed, the reticle is a filter to provide the bore- 
sight reference. When the fitter is in the pupil position, 
between the secondary and the doublet corredorof the 

so one-to-one relay. I.e. as shown as filter 72 In FIG. 2, it 
can perform optical correction functions similar to the 
\tender Lugt filter, described, e.g., in I ntrodudion to Fou- 
rier Optics . J.W. Goodman, Chapter 7, McGraw-Hill 
Book Company, 1 964. The advantages of usinglhe one- 

55 to-one relay of this invention to perform the optical cor- 
rection are that the relay is capable of very wide spectral 
band correction, very good aberration correction, and It 
Is telecentric In both the object and pupil epace. 
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Another application for a reiay embodying Ihe in- 
vention Is an optical system 150 with a sensor protection 
aftaembly iBO. « shown in FIG. 6. Sensor proleclion is 
a key requirement for many advanced sensors. Many 
seneof protection devices are liquid cells or block E-O 
devices. One ol the main threats to a sensor is to be 
illumlnaiod with high power coherent radiation. When a 
high power laser alms at a sensor, the detector will be 
damaged by the tremendous power density locused by 
the sensor optics. One way to protect a sensor is to add 
8 sensor protection device at the first lore optics Image 
plane, and a relay optical system fuilher relays the im- 
age onto the detector. When a high energy laser beam 
is aimed at the sensor the liquid in the proleclion cell, 
such as ethariol. will be vaporized instantaneously. The 
cell will turn opaque arid absorb the incoming laser 
beam energy- The chromatic aberration generated by 
these devices 160 is typically compensated by a retrac- 
tive relay and therefore the spectral bandwidth of the 
system is limited by the relay lens, which is generally 
narrowdue to the secondaiy chromatic aberrations. The 
image quality is mainly limited by field curvature and 
secondary chromatic aberration. Addiifonally. the use of 
special glass materials to minimize the secondary color 
adds a signilicant cost to the system. The drawbacks 
associated with a ret ractwe relay lens for sensor protec- 
tion can be overcome by a catadioptric refractive relay. 

As showrt in.FIG. 6. the system 1 50 Includes a three 
mirror lelescope "0 comprising mirrors 112. 114.and 
116. To implenient the sensor protection cell. Ihe sensor 
Intermediate imagfrrequires good image quality in order 
to maximize the ptower density of the Incoming radiation 
to ignite the ceU;lTherefore. the aberration ol the fore 
optics and the rSlay optics needs to be Independently 
corrected. The telescope focusses the intermediate Im- 
age at image pj^nis 118. where the sensor protection 
assembly 166 i«vJ^«*®^- The image Is passed through 
the assembly Mtb the relay assembly 50. which relays 
the Irriage tofl^s/J^^^ism 80, which separates .the differ- 
ent spectral ban^lpf th^ image and through mirrors 82, 
84 these diff«^«*i|^P«c^ral bands.are fbcused on a de- 
jgciorasg^^ntJli^^^^^ 
arrays 92; 94>S^^ fd^hree^ 

,;: ji^p^^r. T^I^E^tic^ for the; relay.of this, invention is 
\n'B 6&^^0^^^ '^ as^iilustrated;in:Ffp.. 7. 
. M(istibf:ihe;«i^^a^ 
{hreo C^^ymmW^^* 2'14':and 216 butted tbgelher with 
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modaie the prism assembly By combining a color CCD 
assembly 210 with a catadioptric one-to-one relay sys- 
tem 50. as shown in FIG. 4. these drawbacks can be 
overcome. The relay system 50 includea the spherical 
primary mirror 60. the spherical secondary mirror 70. 
and the doublet 76. which focuses the object dlredlyon- 
to Ihe prism assembly 218. Thus, the relay 50 doeenot 
include the X-prism. whose spectral separating function 
is performed by the prism assembly 218 in this embod- 
iment. The operation of the one-to-one relay optical sys- 
tem of FIG, 7 is basically identical to that of FIG. 1. ex- 
cept a K-prism 218. shown in FIG. 6. replaces the X- 
prism 80. Therefore, an RGB object is spectrally sepa- 
rated and relayed onto the CCD assembly 210 through 
the K-prlsm. 

The principles of K-prism operation for spectral sep- 
aration is shown In FIG. 8. where the blue radiation Bol 
the Incoming RGB radiation is reflected from the beam 
splitting surfaces 21 3 and 217 and focused on the CCD 
212. After transmission through the beam splining sur- 
face 213. the green radiation of the RG is reflected by 
the beam splitting surfaces 21 5 and 2 1 3 before focusing 
onto the green CCD 2i 4. After transmission through the 
beam splitting surface 215. the red radiation Is faused 
on the red CCD 216. 

It is understood that the above-described embodi- 
ments are merely Illustrative of the possible specific em- 
bodiments which may represent principles of the 
present Invention. Other arrangements may readily be 
devised in accordance with these principles by those 
skilled in the art without departing from the scope and 
spirit ol the invention. 



OS Claims 

1. A catadioptric one-to-one optical relay system (80), 
characterized by: 

40 a spherical concave primary mirror (60); 

a convex secondary mirror (70); 
a.zerap6wer doublet (76) for axial color correc- 

. > tidn: and ; 

.. anidfitibar means (80) for spectral division: 
45. whefeln .said .jirlnr^ary mirror., said. =8ecorKlary 

•3 vmiVrifojfeidHd^^^ and said spectral divUion 
fT^ean^!are'«a[rranged suchthatijlghit f rom an ob- 
•cblllmatedby the prlnr?ary mirror and 
the doublet to reflect- from the 
the Teflected. Ilgljl^passing 
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acierUod in Ihai sakJ doublei (76) comprises a first 
lens labricated of a first glass material, and a sec- 
ond lens fabricaled of a second glass material 
which Is different In Abbe number Irom the first glass 
material. * 

3. A relay system according to Claim 1 or Claim 2. fur- 
ther characterized in that said doublet (76) corrects 
(he chromatic aberration generated by any refrac- 
tive rrwterial comprising the relay system. 

4. A relay system according to any preceding clairrt, 
further characterized in that said secondary mirror . 
(70) and said zero power doublet (76) form an op- 
tical assembly, wherein the secondary mirror is de- 
fined on a surface of said doublet. 

6. A relay system according to any preceding claim, 
further characterized by an aperture stop located at" 
said secondary mirror (70). ^ 

6. A relay sy stern according to any preceding claim, 
further characterized in that said optical division 
means (80) reflects a short and a long spectral 
band, and transmits an intermediate spectral band. ^« 

7. A relay system according to any preceding claim, 
further characterized in that the secondary mirror 
(70) is aspheric for correction of residual spherical 
aberration. ^ 

8. A relay system according to any preceding claim, 
further characterized in that the optical division 
means ie an X^prism (30). 

■ 3S 

9. A relay system according to any of Claims 1 -8, fur- 
ther characterized in thai the optical division means 
comprises first and second dichroic beam splitters 

(81.83). 

10. A relay system according to any preceding claim, 
further characterized in thai the system is tetecen- 
Iric in both object and image space. 

11. A relay system according to any preceding claim. 
further characterized by an optical filter (72) located 
between said secondary mirror (70) and said zero 
power doublet (76). 

12. A relay system according to any preceding claim, W 
further characterized in that the relay system is In- 
corporated in a telescope (150) comprising a plu- 
raliiy of telescope mirrors (112. 114. 116) arranged 

to focus a distant object at an intermediate image 
plane (1 18), and wherein the relay system (50) fur- « 
ther relays. the intermediate plane image and sep- 
arates ihe irnage into a plurality ol spectral compo- 
nent images. 



13, A relay system according to jany of Claims M1, fur- 
ther characterized in that the relay system (50) Is 
incorporated in a self -corrected color charge<0U" 
pled-device (CCD) module (200) comprising a plu- 
rality of CCD chips (212. 214. 216) butted together 
with a priem assembly (218) to fornn a color CCD 
array, the prism assembly located in front of the re- 
layed image from the relay systenn to divide the re- 
layed image into a plurality of spect ral band images. 
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(57) A catadioplric one-lo-one optical relay system 
which Is telecentric In both object and image space. The 
system includes three modules, which include a spher- 
ical primary mirror, a spherical secondary mirror with a 
zero power doublet for axial color correction, and an X- 
prism for spectral division. The chromatic aberration 



generated by the X-prism is connpenssted by the zero 
power doublet corrector. Because the system Is telecen- 
tric in both object and image space, the coatings asso- 
ciated with the X-prism are simplified. The system can 
be used in telescopes, optical sysienris with sensor pro- 
tection, and color CCD assemblies. 
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